A protein-free chemically defined medium for cultivation of pathogenic Leptospira was developed. The medium permitted continued serial subculturing of 9 serogroups (52 strains) of the 12 serogroups (61 strains) tested. Growth was initiated from small inocula, and the growth rate and maximal cell yields were similar to those on serum-containing media. Inoculum. Cultures (5 to 7 days old) in Korthof medium or in the chemically characterized medium were counted and diluted in glass-bidistilled water or 1598 Vol. 93, No. 5 
Attempts to develop protein-free chemically defined media for the cultivation of pathogenic leptospires have usually failed (6, 9, (13) (14) (15) . In a previous publication (16), we described a chemically defined medium containing inorganic salts, vitamins, amino acids, purines, pyrimidines, and a fatty acid. This medium supported good growth of all Leptospira canicola and L. grippotyphosa strains tested and of some L. hebdomadis and L. pomona strains. Other serogroups yielded poor growth and could not be subcultured continuously unless serum was added. Vogel and Hutner (22) described a different chemically defined medium in which they could grow 11 strains of five different serogroups, after a preliminary period of adaptation on a medium supplemented with 1% serum. Other strains of the same serogroups could not be grown in this medium. However, serial subcultivation could be done only from large inocula (10 to 50%, v/v), and maximal cellular densities were only onetenth of the densities in serum-containing media. The latter medium has been modified by Stalheim and Wilson (20, 21) and used for the investigation of the nutritional requirements of L. canicola. Even these relatively unfastidious strains yielded maximal densities of approximately one-tenth of the final densities in serum-containing media.
The present paper describes a simplified, chemically defined medium which was used for continuous subculturing of 9 of 12 pathogenic I Part of this work is taken from a thesis presented in fulfillment of the requirements for the Ph.D. degree, Hebrew University, Jerusalem, Israel. serogroups tested and for the cultivation of L. biflexa. Rapid growth was obtained from relatively small inocula, and cell crops of most strains tested were similar to those grown on serum-containing media. The medium was also successfully used for the isolation of leptospires from infected tissues. A modified chemically defined medium was used for the investigation of the nutritional requirements of L. canicola, L. pomona, and L. grippotyphosa.
MATERIALS AND METHODS
Strains. Reference strains obtained from the World Health Organization Reference Laboratories were used in addition to local strains isolated from naturally infected humans and animals. The strains were classified by conventional agglutination, cross-agglutination, and cross-absorption tests. A list of the 12 serogroups tested is given in 
RESuLTS
The composition of the chemically defined medium and of the basal medium used for nutritional studies is given in Table 1 .
Growth in the complete medium. Figure 1 compares the growth curves of three serotypes in the chemically defined medium and in Korthof medium supplemented with 8% rabbit serum. The growth rates and the cell yields in the defined medium were similar to those on Korthof medium. Enrichment of the complete medium with normal pooled rabbit serum (2 to 8%), the mixture of amino acids, or casein-peptone (Difco; 160 mg/liter) had little effect on the rate of growth and maximal cell counts, whereas addition of the mixture of five vitamins increased both the rate of growth and the maximal cell yield (up to twofold) of some of the L. canicola and L. grippotyphosa strains studied.
Maximal cell counts on the complete medium varied from 5 X 107 to 6 X 108, according to strain and concentration of fatty acid. The strains which produced the maximal yields were L. grippotyphosa Bovis and L. canicola Kipod 146. Only a few L. hebdomadis strains and one L. grippotyphosa strain (Table 2 ) gave lower cell yields (one-fifth to one-half) than on Korthof medium. The generation time in the exponential phase of growth differed somewhat from strain to strain; with the fast-growing L. canicola and L. pomona strains, it was 9 to 12 hr, which compares favorably with the rate of growth in the commonly used serumcontaining media. There was only a short lag phase when inocula of 103 to 5 X 103 cells from a 7-day culture were transferred into the complete medium. Longer lag periods were observed with smaller inocula and with inocula grown in Korthof medium (Fig. 2) . Growth ensued from small inocula of approximately 10 cells; smaller inocula were not tested.
In an attempt to correlate nutritional requirements with antigenic composition, 61 250 ,ug/ml. The activity of saturated fatty acids increased with the number of carbon atoms in the molecule. (All fatty acids were from Mann Research Laboratories.) Although growth on the corresponding unsaturated fatty acids was somewhat faster, they could not be added in concentrations high enough to obtain maximal cell yields because their higher toxicity caused lysis of the leptospires. Stearic or palmitic acids (0.1 to 0.2 mM) or a combination of oleic (0.05 mM) and stearic (0.1 mM) acids supported rapid growth and cell yields of 107to 5 X 107 cells per ml. However, since even these suboptimal concentrations were toxic for some strains, I replaced free fatty acids with the less-toxic corresponding polysorbates (Tween 80 and Tween 60). Figure 3 shows the growth on free fatty acids, and Fig. 4 shows the growth response to increasing concentrations of Tween 60 and Tween 80 in the basal and complete media. The polysorbates were more toxic in the basal medium. The optimal concentration for Tween 60 in the complete medium was 200 to 300 jig/ml; for a mixture of Tween 60 and Tween 80, the optimal concentration of each component was 200 and 50 ,g/ml, respectively. Tween 60 alone (150 ,ug/ml) was used in the basal medium.
The fatty acid requirement in the complete medium could not be spared by acetate, glucose, succinate, or glycolate at concentration levels up to 500 ,ug/ml. However, acetate (100 Ag/ml) did increase the final cell yields in the basal medium supplemented with a suboptimal concentration of Tween 80 (50 ,g/ml). Glucose (100 to 500 ,ug/ml) occasionally supported a few divisions in the absence of a fatty acid, but it had no effect on, or inhibited, growth on suboptimal concentrations 1601 VOL. 93, 1967 on October 20, 2017 by guest http://jb.asm.org/ Downloaded from SHENBERG of fatty acid. Glycerol (100 to 400 ,ug/ml), although unable to replace fatty acids, slightly stimulated growth and increased up to twofold the cell yields on suboptimal concentrations of fatty acids. Glycerol also enabled faster growth on inhibitory concentrations of oleic acid or Tween 80, both in the basal and complete media (Table 3) .
Vitamin requirements. Growth in the chemically defined medium was stimulated by vitamin B12 and thiamine. Growth stimulation by these vitamins could, however, be demonstrated only after one or two subcultures of washed cells in the basal or complete medium from which the vitamin tested had been deleted (Table 4 ). In the absence of vitamin B12, growth stopped after two or three weekly subcultures, whereas no absolute requirement for thiamine was found even after 10 weekly subcultures in a thiamine-free medium. Vitamin B12 could not be replaced by thymidine or methionine, singly or added together, nor did range of 0.5 to 1 m,ug/ml. Optimal concentrations of thiamine were in the range of 0.4 to 0.6 ,ug/ml; for some L. canicola strains, the optimal concentration was as low as 0.02 Ag/ml. Mutant strains not stimulated by thiamine were selected by growth in a thiamine-free medium.
A complete vitamin mixture (vitamin mixture 1) slightly stimulated the rate and the amount of growth when added to the defined medium containing optimal concentrations of vitamin B12 and thiamine. By testing the vitamins singly and in different combinations, it was found that the growth-stimulating vitamins were biotin, calcium panthotenate, pyridoxamine, riboflavine, and nicotinic acid. A mixture of these vitamins (vitamin mixture 2) increased maximal cell yield of some strains up to 80%. Other strains were stimulated to a lesser extent.
Isolation of leptospires from infected hamsters. To test the possibility of using the defined medium for isolation of leptospires from infected animals, hamsters were inoculated with pathogenic L. (Table 5) show that the serum-free medium may be used for isolation of Leptospira from infected tissues in spite of the fact that growth appeared later than in Korthof medium. In experiments not recorded here, I obtained the same number of isolates in both media.
DIscussIoN
The present study demonstrates that the growth requirements of the majority of the pathogenic serotypes can be satisfied by inorganic compounds, Tween 60 (or one fatty acid instead), and vitamin B12. Utilization of inorganic ammonium salts by Leptospira as a major nitrogen source was suggested by Johnson and Gary (6) Thiamine is the only vitamin required in media containing serum or high concentrations of serum protein, which may contain protein-bound vitamin B12 (6, 15) . In the chemically defined medium, there is an absolute requirement for vitamin B1,; although thiamine markedly stimulated growth, I could not demonstrate an absolute requirement for this vitamin even after 10 serial subcultures in a thiamine-free medium. Babudieri and Zardi (1) showed that L. biflexa strains also have an absolute requirement for vitamin B12. Thus, with the development of serum-free and chemically defined media, it is now evident that vitamin B12 may well be an absolute requirement for all leptospires (2, 16, 22) . The chemically defined medium appears to be complete for most of the strains tested. Growth could be initiated from small inocula, and it was only slightly stimulated by addition of serum or amino acids. The generation time in the exponential phase of growth and the maximal cell yields were similar to those in Korthof medium, and only a very short lag phase was observed upon transfer from Korthof medium. The nine serogroups which could be cultivated in the protein-free medium described include the majority of classified pathogens, and all appear to have the same nutritional requirements. However, there seems to be some correlation between growth requirements and antigenic composition, since none of the L. javanica, L. tarassovi, or L. ballum strains tested could be cultivated continuously in the present medium. Whether these serogroups require additional growth factors, or whether they are exceptionally sensitive to nutritional imbalances in the described medium, is at present under investigation.
The defined medium was also successfully used for isolation of pathogenic leptospires from infected organs. The same medium could also be employed for prepa;ation of leptospiral hemolysin free from serum proteins. Representative members of three serogroups (L. pomona, L. canicola, L. grippotyphosa) were subcultured serially (40 transfers) in the complete medium without any noticeable change in serotype specificity. Growth of leptospires on synthetic media has obvious advantages over growth on protein-rich media, for preparation of vaccines and diagnostic antigens. However, the use of chemically defined media for these purposes should be carefully evaluated in view of recent reports on induced selective changes in antigenic composition by growth in serum-free media (18, 19) .
